SUMMARY
SUMMARY
Bipolar potentials were recorded from intramural electrodes located within areas of acute myocardial ischemia in dogs. Alterations in bipolar potential electromotive force (EMF) and local activation times were measured at predetermined intervals up to 12 hours after coronary occlusion. Histochemical stains were used to correlate structural-biochemical changes with sites of electrophysiologic changes. In severely ischemic areas, bipolar potentials lost 50% of their preocclusion EMF within 30 fig. 2 ). Coronary artery occlusion resulted in a progressive decrease in amplitude of the muscle action potential over an 18 hr period as seen in figure 2 . There was no change, however, in the amplitude of the Purkinje complex measured from the peak of positive deflection to the peak of negative deflection. In the case illustrated in figure  2 , a small potential preceded Purkinje activation at 30 min following coronary occlusion and appeared to become more prominent with increasing duration of ischemia.
Effect of Coronary Artery Occlusion on Bipolar Potential Electromotive Force
The amplitudes of different intramural bipolar potentials prior to coronary artery occlusion varied depending on their distance from the endocardium. Control subendocardial potentials were characteristically low in amplitude (10-15 mV) whereas control subepicardial potentials usually ranged from 25-35 mV. In areas where the left ventricular wall was 10-15 mm thick, the control subepicardial bipolar potentials were frequently 40-50 mV in amplitude. This greater bipolar potential amplitude in the subepicardium prior to coronary artery occlusion is demonstrated in figure 3 , which shows that the absolute amplitude of a bipolar potential in normal myocardium is dependent to some extent on its position within the myocardium relative to the 2 hrs. 3 hrs.
6 hrs. 12 hrs. 18 hrs. figure 5 . In this case, the electrode shaft was located within a transmural infarct of the free left ventricular wall. Prior to coronary artery occlusion (control curve), the bipolar potential EMF was 9 mV at the endocardium and 37 mV at the epicardium. By 30 minutes after coronary artery occlusion, the bipolar potential EMF had decreased at all terminals along the electrode shaft. As the myocardial infarction evolved, there was a progressive decrease in the bipolar potential EMF so that by 12 hours after coronary occlusion, only a small area in the subepicardium exhibited any measurable electrical activity.
An important variation in the slope of the control curve depicted in figure 5 Bipolar electrograms recorded from a single transmural electrode shaft before coronary occlusion, 30 min after occlusion, and 30 min after coronary reperfusion (one hour after initial occlusion two-thirds, however, exhibited the changes of myocardial ischemic injury, i.e., 1) swollen mitochondria (seen as fine "dots" or "granules" in inset A), 2) swollen A-Bands, and 3) loss of the diffuse sarcoplasmic-staining reaction as indicated by the example shown in Inset A taken from the endocardium. Separation of the individual myocardial bundles in the injured areas represents fixation artifact and is not a strict criterion of myocardial ischemic injury.13 Inset C shows a 3 mm area of myocardial injury extending down the electrode tract from the epicardium caused by pressure from the plastic epicardial marker attached to the electrode shaft.
The graph in figure 8 is the electrophysiologic correlate of the tissue plane shown in figure 7 . All precoronary occlusion bipolar potential amplitudes were assigned a value of 100% as represented by the horizontal control line in figure 8 . The amplitudes 5-6 EPI. [6] [7] eters returning to control levels transmurally. (Bip. um; mV = millivolts). Electrode Terminals Figure 5 Progressive loss of bipolar potential electromotor force (EMF) in transmural infarction of free left ventrcular wall. Bipolar electrograms were recorded from successive electrode terminals along a single electrode shaft located within the transmural myocardial infarction. Electrode terminal number 1 was located at the endocardium, the terminal number 8 was located at the epicardium. The control curve demonstrates the bipolar potential EMF at each electrode terminal from endocardium to epicardium prior to coronary artery occlusion. The decease in bipolar potential EMF at each of these terminals following coronary artery occlusion is evident. The overlapping of some portions of the curves from 2-12 hr postocclusion was unavoidable since the changes in bipolar potential EMF were minor after 2 hr of coronary occlusion. The transmural infarction was confirmed histologically. Figure 6 Transmural infarct involving anterior papillary muscle. Bipolar electrograms were recorded from successive electrode terminals along a single electrode shaft. The potenitials (points 1-5) decreased in amplitude following coronary occlusion. The next three potentials (points [6] [7] [8] showed an increase in amplitude characteristic of the border of an ischemic region. The subepicardium showed a decrease in amplitude corresponding to the previously mentioned area damaged by the plastic epicardial marker on the electrode shaft. The correlation between electrophysiologic changes and histologic alterations following coronary artery occlusion shown in figures 7 and 8 was typical of all the experiments in this study.
This anatomic-electrophysiologic correlation established that 1) changes in bipolar potential amplitudes occurred only in areas of ischemic injury following coronary artery occlusion, 2) there was a greater decrease in bipolar potential amplitude in the central area of the infarct than in the more peripheral areas, and 3) bipolar potentials meaCirculation, Volume XLVIII, November 1973 sured at the junction of normal myocardium and the area of ischemic injury increased in amplitude following coronary artery occlusion.
Having established these anatomic-electrophysiologic relationships, it was possible to demonstrate the inhomogeneity of figure 7 . Bipolar potential EMF remained normal at points 9-11 corresponding to the normal myocardium seen in figure 7 located adjacent to the electrode shaft in this area. Bipolar potential EMF dropped slightly at points 12-14 corresponding to the injured area shown in inset C of figure 7 caused by the plastic hub on the electrode shaft. reperfusion on the voltage time-course of acute myocardial ischemia is shown in figure 10 and table 1. The data shown in figure 10 are not absolutely comparable to the data in figure 9 because the bipolar potentials used to construct each curve in figure 9 were grouped on the basis of the degree of EMF change at 6 hr postcoronary occlusion. Such grouping in the reperfusion graphs of figure 10 was impossible since the coronary occlusion was released before the 6 hr measurement except in the lower right graph. As a result of this inability to reproduce absolutely comparable curves, an effort Effects of coronary artery reperfusion at various intervals after coronary occlusion on bipolar potential EMF. These curves prior to coronary artery reperfusion are not absolutely comparable to the curves of figure 9 (see text for discussion) but they do demonstrate an over-all beneficial effect of coronary artery reperfusion after up to 6 hr of coronary artery occlusion. was made to construct curves in figure 10 prior to coronary reperfusion which were comparable to the early portions of the curves in figure 9 . Such grouping of the EMF changes prior to coronary artery reperfusion permitted a qualified evaluation of the effects of early coronary reperfusion on the electrophysiologic time-course of acute myocardial ischemia. Due to the smaller number of animals included in the reperfusion studies, the curves of figure 10 represented different ranges than did the curves of figure 9 . Therefore, only four curves were constructed for each graph in figure 10 .
It is apparent from figure 10 that the greatest quantitative response to coronary reperfusion occurred in those areas which demonstrated the greatest change in bipolar potential EMF following coronary artery occlusion (lines A)). The degree of recovery was less dramatic in all zones of the myocardial infarction when coronary occlusion was maintained for more than 30 minutes. However, in figure 9 , each point on Lines A-D is lower than the point immediately preceding it (except points 4 and 7 on line D). This indicates a progressive decline in bipolar potential EMF in all areas of the myocardial infarction except in the most peripheral areas (line E). In contrast, after coronary reperfusion, virtually all points in figure 10 show an increase over each preceding point, indicating a reversal or cessation in the progressive decline in EMF in the involved myocardium. All the minute areas of myocardium monitored by the electrode terminals did not respond to coronary artery reperfusion but these graphs show a beneficial over-all result of coronary artery reperfusion after up to 6 hr of coronary occlusion. Table 1 represents the data from which figures 9 and 10 were constructed. The standard errors were omitted from the reperfusion graphs in the interest of clarity but do appear within the Acute coronary artery occlusion resulted in a delay in the onset of activation within the area of myocardial ischemic injury ( fig. 1 ). This delay in local activation time in an evolving myocardial infarction progressed with time, indicating that the velocity of wavefront propagation through ischemic myocardium is related to the degree of local ischemic injury. Such intramyocardial conduction abnormalities have been shown previously to be important in the genesis of ventricular arrhythmias following acute myocardial infarction.1' 10 Of particular interest is the fact that no such abnormalities of conduction were detected in the Purkinje system, located immediately adjacent to a severe subendocardial infarction. The significance of the small potential preceding Purkinje activation after coronary artery occlusion in figure 2 is not known. Regardless of the origin of this small potential, the magnitude of injury to the Purkinje system was negligible in comparison to the injury caused to the underlying subendocardium following coronary artery occlusion. These findings support previous studies in which the Purkinje system survived in areas adjacent to subendocardial infarctions of several weeks' duration. 7 The importance of this inhomogeneity of ischemic injury in the origin of ventricular arrhythmias has been shown." 10, 16 However, differing degrees of ischemic injury within a myocardial infarction have not been quantitated in a manner such that the evolution of the different zones of injury could be Circulation, Volume XLVIII, November 1973 studied over several hours in the same heart. The documentation of such a time-course for different zones within an acute myocardial infarction becomes important if one wishes to evaluate the benefit of potentially therapeutic interventions on the course of an evolving myocardial infarction.
The present study again demonstrates the nonuniformity of myocardial ischemic injury following acute coronary artery occlusion ( fig. 9 ). This variation in response to acute coronary artery occlusion was quantitated by measuring the changes in bipolar potential EMF recorded from the area of myocardial ischemia. Histochemical studies of the involved myocardium confirmed that the degree of change in bipolar potential EMF was related to the geometry of the myocardial infarction (figs. 7 and 8) . The greatest decrease in bipolar potential EMF occurred in the epicenter of the myocardial infarction. Lesser decreases in bipolar potential EMF occurred in the more peripheral zones of the infarct. The bipolar potential EMF increased at the junction of ischemic and normal myocardium.
The curves in figure 9 suggest a graded response within the region of ischemia to acute coronary artery occlusion. This graph, however, is not intended to imply that myocardial ischemic injury is graded uniformly from the anatomic periphery to the anatomic epicenter of an infarct. For example, on a given electrode shaft, adjacent bipolar electrograms frequently responded differently to acute coronary artery occlusion. This variation in response to coronary artery occlusion of adjacent intramural electrograms reflects the severe degree of inhomogeneity that is present within an area of myocardial ischemic injury.
In this study, the area of ischemic injury was divided into five zones from the epicenter to the periphery of the myocardial infarction with each zone representing a different degree of myocardial injury (lines A through E, figure 9 ). Such a division is arbitrary since there may be an infinite number of 'zones" between the epicenter and the periphery of a myocardial infarction. However, the demonstrable number of "zones" is dependent upon the sensitivity of the technique used to quantitate the degree of ischemic injury. Although histochemical stains were used in this study to demarcate the central and peripheral zones of myocardial ischemia, it is apparent that these stains are not as sensitive to the degree of myocardial ischemic injury as are the electrophysiologic parameters measured. For example, inset C in figure 7 shows a small area of COX, DANIEL, BOINEAU subepicardial injury (caused by the plastic hub on the electrode shaft) which appears histologically comparable to the ischemic subendocardium. However, the decrease in bipolar potential EMF in this subepicardial area was not as great as the decrease which occurred in the subendocardium ( figure 8) . The reason for this apparent discrepancy is that histochemical stains are capable of demonstrating only two orders of ischemic injury. 13"5 In contrast, the decrease in bipolar potential EMF in an area of ischemic injury varied from 1% to 100%S of control EMF, thereby providing a more sensitive means of assessing changes in local ischemic injury.
One factor other than myocardial ischemic injury which could decrease the bipolar potential EMF is a change in wavefront orientation. For example, if the wavefront became more tangential to the electrode terminals following coronary artery occlusion (e.g., in those areas immediately surrounding the infaret), the maximum potential difference between the two recording electrode terminals would be decreased even though the dipole moment across the wavefront remained the same. However, we observed an increase in bipolar potential EMF at the junction of ischemic and normal myocardium (figures 7 and 8) and no change in EMF in the normal areas surrounding the infaret. Also, figure 4 demonstrates a decrease in bipolar potential EMF with no coincident alteration in wavefront orientation. Therefore this theoretical possibility was not a significant factor in the bipolar potential alterations shown in this study. figure 10 to the graph in figure 9 have been mentioned. Despite these limitations, certain valid comparisons can be made between the two figures. For example, it is reasonable to assume that Line A in the 30-minute reperfusion graph of figure 10 would have been 15% or less at 12 hours after coronary artery occlusion if the intervention of coronary artery reperfusion had not been introduced. This conclusion is based on the fact that the loss of EMF in the epicenter of a myocardial infarction was progressive if coronary artery occlusion was maintained (Line A, figure 9 ). Likewise, the peripheral zones of myocardial ischemia appear to return toward normal after coronary artery reperfusion at 30 minutes (Lines B and C). It is interesting also that following coronary artery reperfusion at 30 minutes, the slope of Line D is reversed, indicating that the altered electrophysiologic parameters of local ischemic injury were returning toward normal. Inspection of figure 10 indicates that coronary artery reperfusion after 30 minutes of coronary occlusion stopped and reversed the progression of myocardial ischemic injury. Coronary reperfusion after 1 hour, 2 
